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ABSTRACT

Compact groups of galaxies app car to be extremely dense, making them
likely sites of intense galaxy interaction, while their small populations make
them relatively simple to analyze. Inorder to scarch for op tical interaction
tracers such as diflfuse light and galaxy tidal features in Hickson compact groups
(11CGs), we carried out deep photometry in three filters on a sample of HCGs
with 1O SAT observations. Using a modeling procedure to subt ract the light
of bright carly-type galaxics, we found shiell syst ems and extended envelopes
around many, but not all, of those gal axics. With the excep tion of the extreme
group 11CG 94 (which is the only group in the sample to have diffuse light in
the group potential);, we found no correlation between the presence of these
features and the X-ray luminosity of a group. Better predictors of detectable
group X-ray emission are a low spiral fraction andbelonging to afarger galaxy
condensation  neither of which are correlated with optical disturbances in the
group galaxies. T'wo elliptical galaxies that arc extremely optically lumminous
but X-ray faint are found to have ghells and very complex color structures. This
is likely due to recentinfall of gas-richmaterial into the galaxies, which would
produce both the disruption of stellar orbits and a significant amount of star

formation.

Subjectheadings: galaxics: clusters: individual galaxies: interactions




1. Introduction

Compact groups provide ideal laboratories for st udying galaxy -galaxy interactions.
Not only can their apparent densities exceed the values seen in the cores of rich clusters
of galaxics, but their sinall populations (less than 10 bright galaxies per group) make an
analysis of’ tidal features and diffuse optical light much simpler than in clusters. Hickson
(1982) identified a sample of 100 compact groups with well-defined eriteria of compactness,
membership, and isolation from other galaxies. Subsequent redshift measurements of
Hickson compact group (HCG ) member galaxies found that most HCGs are comprised o f
galaxics at similar velocities (Hicksonetal. 1992), implying that they are real physical

entities rather than chance superpositions on the sky.

If a compact group is gravitationally bound, thenthe close proximity of its galaxies
should produce strong interactions between them. Tidalfeatures should appear quickly
in HCG s since they have a median crossing time of only 0.01671; ' (Hicksou et al. 1992).
Furthermore, continued interactions are likely toleadto diffuse optical light inthe group
potential (due to stars nolonger hound to a particular galaxy) and mergers of the member
galaxies. Simulations predict that a typical HCG will completely merge within10° years
(Mamon 1987, Barnes1989), although some have argued that the paucity of probable
merger remnants in HCGs requires that the merger timescale be at least 4 Gyr (Zepf &
Whitmorel 991). Thus, a sample of HCGs should find groups in all stages of the merging

process, from the initial tidal interactions to the final coalescence of the member galaxics.

Searches forsigns of galaxy interactionsin }1 CGshave used many different methods
and wavebands. X-ray emission similar to that secenin clusters of galaxies has beenfound
in some HCG s using the ROSAT All-Sky Survey (Fbeling, Voges, & Bohringer 1994)
as well as pointed observations withthe 1/(), $A’/" P SPC (Pildis, Bregman, & ISvrard

1995, and references therein). The presence of hot gas in a group’s potential implies that




the group is gravitationally bound, and thus that the galaxies are interacting with one
another. Similarly, HE mapping has show n that some HCGs have neutral hydrogen in
clouds encompassing the entire group (Shostak, Sullivan, & Allen 1984; Williams & van
Gorkom 1988; Williams, McMahon, & van Gorkom 1991 ). Over all, HCGs are HI deficient,
as compared to loose groups with similar galaxy populations, implying that HCGs arce
physically dense (Williams & Rood 1987). Individual galaxies inthese groups have been
examined m the infrared and radio continuum to find signs of increased star formation or
non-thermal activity that) wouldimply past interactions, with disputed results (Menon &
Hickson 1985, Hickson et al. 1989, Menon 1991 | Sulentic & De Mello Rabaga 1993, Moles

et al. 1 994).

Previous optical work, like the infrared and radio continuum observations, has
concentrated on the individual galaxies. The carly -type galaxies inl1CGs have been
surveyed for signs of recent interaction or merging since merger remnants are expected
to be elliptical galaxies with abnormally blue colors and disturbed isophotes. The results
were surprising: not. only are there very few HC G ellipticals with colors indicating recent
formation (Zepf, Whitmore, & Levison 1991 ), but their morphologies imiply only moderate
amoults ot interaction and little, if any, previous merging (Bettoni & Fasano 1993, Zepf
1993, Zepl & Whitmore 1993, Fasano & Betioni1991). Morphological and kinematical
studies of lat e-Uype galaxies, however, provide evidence for interactionsin a majority of
HCG s (Rubin, Hunter, & Ford 19(11, Mendes de Oliveira & Hickson 1994), while studies
of individual compact groups (Rubin, Hunter, & Ford 1990, Gruendl et al. 1993, Longo et
al. 1994) show significant interact jons between the member galaxies. While the elliptical
results may seem to contradict the other studies, theyare actually inharmony: abundant
evidence exists that the galaxies in HCOGs areinteracting; there is little sign, however, of

the ellipticals being merger products.




Our first, paper (Pildis, Bregman, & Ivrard 199.1, hercalter PBE) described the
11(),$A’" 1'S1’(! observations of oursample, which consists of 12HCGs plusthe NGC 2300
grou p. We found that 8 of the 13 groups have extended X- ray emission, and of those, 4
have emission that is resolved into separate galaxy and diffuse group contributions (HCG
62, 6s, and 97, and the NG C 2300 group). Among other results, we found that the presence
of extended X- ray emission is strongly correlated with the fraction of carly-type galaxies in
the group: 7 of 8 groups with extended emission have spiral fractions of less than 50% and
7 of 8 groups with spiral fractions of under 50% have extended emnission (in cach of these

cases, the one exception is well understood see PBI ).

Parallel to these X-ray observations, we undertook deep, multicolor imaging of this
sample of compact groups in order to search for diffuse optical light missed in the previous
studies that concentrated onindividual galaxies. Ouw goal was tofindany 10w’ surface
brightness or extended features t hat would indicate a history of galaxy-galaxy interaction,
and to deterniine if the presence of these features is correlated with group X-ray emission.
We have observed 12 of the 13 groups in our X-ray sample (HCG 44 is the one exception),
8 of them photometrically (sce Fable 1- throughout t his paper, we assum e Hy:= 50 kin S
Mpc ). Section 2 describes our observations and the initial reduction of the data, while §3
explains how we analyzed th e images thus created. The results are presentedin§4 and the

implications of those results are discussed in §5.

2. Observations and Initial Reduction

A1l observations were made with the 2.4m Hiltner telescope at Michigan- Dartimouth-
M.L'T. (MDM ) Observatory on Kitt Peak, Arizona, in1993and[994. Details of the
individual observing runs are given in Table 2. Note that our single spring run w a s

non-photometric, and our second fall runused a different filter set than the first. The two
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CCDs used were a Loral front-illuminated chip with 2048% 15 pixels (which we binned
2 x 2) and a Tektronix back-illuminated CCD with 10247 24m pixels. The resulting pixel

scales are 0.34” pixel” Vand 0.275"” pixel™ ! respectively.

Calibrations for the two photometric runs were made using observations of standard
stars from Landolt (1992) and the standard Kitt Peak airmass cocfficients. A1l magnitudes
and colors were corrected for Galactic extinction using the values tabula ted in NI5 D.2
N o corrections for extinction internal to the individual galaxics have been attempted;
this should notintroduce any significant errors since most of the galaxies of interest are
cllipticals. In addition, we have made no K corrections. Colors are accurate to ~0.04
magnitudes, while the error inthe zero point ranges from ~0.04 mag in I3 to ~0.01 mag
i 1. The MDM filter set, while calibrated to tljeJo]llIso]l-]~1’0il” Clousins system, has some
simall variations. In particular, the I3 filter has a sharper red edge than the standard shape
inorder to separate I3 and V and thus get better colorinformationfor galaxies. Thel filter

is a low-pass filter, soits net response depends onthe CCD red response.

Iachficld was exposed for 300 seconds inallfilters used forthe run. Since the CCDs
used have fields of view of only &’ while the groupsin this sample have diameters of up to
107, we offset cach pointing of the Uelescope so that every part of the group was covered by
at least one pointing, and that interesting arcas (e.g., tidal features, shells, center of the
group) had total exposure times in cach filter of at least 900 seconds. I addition, for cach
group we took a set of frames n a field adjacent to it in order to determine the background

level,

I'he NASA/ IPAC Extragalactic Database (NED) is operated by the Jet Propulsion
Laboratory, Cali forma Institute of Technology, under contract with the National Acronautics

and Space Administration.




After the overscan bias level and the average bias structure was subtracted from al
frames, flat ficlds were created using both twilight exposures and object frames. We found
that twilight flats worked best for the 2 and V exposures, while object flats worked wc] ]
for R and 7 since those filters allowed suflicient sky countsto accumulate during object
exposures. The flattening for the non-photometric run is noticably bad due to the rapidly
changing sky conditions during the observati ons. After flattening, the frames were corrected
to an airmass of zero, and then the frames for cach group were coadded in each filter, using

stars to determine the offsets.

3. Analysis

Since the galaxies in HOGs are both very bright (e.g., 28% of HCG ellipticals have
absolute huminosities greater than that of M87 [M endes de Oliveira & Hickson 1991]) and
very close together on the sky, 01,%  the very brightest diffuse features can be seen in an
unaltered image. Iy addition, one can be misled into mistaking t he overlapping isophotes of
galaxices for truly diffuse light in the group potential. FFor these reasons, we have attempted
to subtract ofl the light of the brightest early-tj~’l)c galaxiesin all of the groups we have
imaged. Because the galaxies often overlap, this has 1equired a more subtle @2Phroach than
simply fitting ellipses down to the background level and subtracting away the resulting

galaxy 11100 10 1.

The approachthat we chose was to usc i inodification of the ellipse fitting program
of Jedrzejewski (1 987) onthecore of the bright carly-type galaxies in the group, where
we consider the core to be the central part of agalaxy that is photometrically unaffected
by nearby galaxies, shells, et c. in practice, this meant that we stopped the ellipse fitting
as close as possible to twice the background level, but before the ellipticity, ellipse center,

or position angle started drifting systematically from the central values. We fixed the




paramecters of the outermost fit ted ellipse and extr apolated the surface brightness profile
down 1,0) the sky levelassuming anr'/4 Jaw and created a mode) galaxy using both the
fitted core and the extrapolated envelope. Table 3 lists the propertics of the galaxies that
we modelled, including their effective radii and surface brightnesses from, and ‘1’able 4 lists

the parameters of the outermost fitted ellipse for these galaxies.

The model galaxies thus created are subtr acted from theimage of the group. The
procedure is first app lied to the brightest carly-type galaxy in t he group, then from this
subtract edimage, a modcl is fit to the next brightest elliptical, and so on. The V nmages
were the first to be processed in this fashion. If the group was imagedin other filters, those
images were processed subsequently, making sure that the ellipticity, ellipse center, and

position angle of the outerimost fitted ellipse were nearly the same in all filters.

This procedure makes several simpliflying assumptions about the structure of carly-type
galaxies. First, it is not strictly true that anundisturbed galaxy needhave identically
shaped and positioned ellipt ical isophotes from the core out to the sky level. Our analysis
procedure finds any deviations from ellipticity in both the core and envelope, as well a's
deviations from concentric ellipses and an r1/1 law in the envelope. Often, these features
imply that a galaxy has undergone a carlier ierger or interaction, but not in every case
is thistrue (for example, highly luminous ellipticals tend to have outer envelopes that are
brighter than the predictions of anr'/* Taw [Schombert 1987]) and so the deviations found
must be interpreted with restraint. Sccond, we do nottry to modcelthe disks in S0 galaxics,
so only their bulges are well-subtracted. Third, the models are sensitive at large radii to the
determination of the backgroundlevel. Bad flattening or difluse light extending throughout
allthe frames of a group would make the outer parts of the iodels for that group incorrect.
However, this last concern is probably of minor importance since flattening errors are

obvious in mosaiced images, and the images extend well beyond the radius of the group.




Inorder toexaminethe color structureof the galaxies and diffuse light in HOCGs, we
performed grid photometry on the photometric images. Grid photometry is the creation
of animage that has pixel values that correspondto colors, rather than intensitics as in
araw CCDimage (see Schombert, Wallin, & Struck- Marcell 1990). Inorder to reduce
pixel-to-pixelnoise and to allow true color structuretobe secen easily, several processing
steps must be taken to convert photometric imagesin two different fitters to a single color
map. Once two images arc registered to a cornmon origin, they are smoothed and binned
to produce 2.02.2" pixelsand a 4« wide (I'WHM) point spread function. T'he background
level is subtracted from cach image, stars and background galaxies are masked, and only
pixels with values above chosen minimum val ues are nsed to create the color image. This
minimum was generally 20 above the smoothed background, corresponding to roughly 29
magnitudes per arcsec? in 13, 28.5 mag arcsec 2 in V. 28 mag arcsee” 2in Ryand 27.5 mag
arcsec™2in /. Thus, for typical galaxy colors, the sensitivity of the color maps is limited by

the blue response.

The images created by the grid photometry process described above could be displayed
as a gray scale inthe same manner as any CCD image, but doing so would not provide
clear information about the actual color values and st ructure. Instead, we display the colol
information as a series of slicesin each color. A pixel is plotted if its color is withinthe
specified range, andthe size of cachrange is ¢hosen 10 maximize both the total number of
pixels plotted (i.e., almost every pixel will appear inone of the plots) and the information
shown about the color structure of the group. These constraints lead to unevenly spaced
slices, with large ranges at the extremes to pick up outlying pixels and sinaller ones near the
average color of thegroup galaxies. Weimposed a minimuin slice size of 0.10 magnitudes
(2.5 timesthe error inthe color determination)inorderto avoid exaggerating small color
differences. Since V- R and V- [ show much, Jess stiucture than does 13- V, we show five

color slices in13- V for cach group, but only three plots for theredder color.
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4. TResults

Some groups in our sample, particularly the spiral-rich groups | showed no struct ures
upon doep imaging not already reported o11 by other researchers (e. g., Zepf, Whitmore,
& Levison 19915 Mendes d ¢ Oliveira & Hickson 1994; Fasano & Bettoni 1994). Since we
cannot provide any new information 011 those groups, we will neglect theinandreport only

on those groups upon which our analysis sheds new light.

4.1. Discussion of Individual Groups

Subimages of the most interesting results of our model subtraction procedures are
show n in Figures 1- 8. Since thediffuse light, when present, is quite red, theimages
shownareinthe reddest filler available (R orl for the photometricruns, V for the
non-photometric run). Since these iages are stretched in order to show faint features, one
can see variations in the background level due to the coadding of offset CCD images. Tor
the photometric images, these are simply diflerences in the pixel-to-pixel variance from the
varying number of images taken of a given arca, not changes in t he average background
value, Ilattening was more difficult for the non-photometricimages, so there are differences

inboththe variance and the average backgroundlevel.

IFor the groups imaged in photometric conditions, FigurestSinclude shees through
two color maps for the same subimage. A grayscale image inthe Vband (to the same scale
and pixelsize) is included withthe color maps inorder to aidin feature identification.
Throughout this paper, W ¢ use the galaxy designations of Hickson (1982,1993), where
galaxy a is the brightest galaxy in a 8roup, galaxy b is the second brightest, and so on. i

all images, north is up and cast is to the left.

Our colors can he compared to the galaxy colors determined intwo previous studies:




Hickson, Kindl, & Auman (1989  hereafter 111<A) and Zepf, Whitmore, & Levison

(1 991- hereafter ZWL). These two studies used extinction and K corrections that differed
from one another and from this analysis, thus the three sets of nuinbers canmot be directly
conpared. In general, however, our colors from surface photomet ry are consistent with
both H KA and ZWL. For comparison purposes, typical undisturbed ellipticals have colors
of -V -085 1.00, I3- K =140-1.60,andV -7 = 1.151..30, while Sos arc 0.05
magnitudes bluer m 73—V and 0.10 magnitudes bluerin B— RandV - 1 (Gregg 1 989). For

both ellipticals and Sos, the more luminous galaxies arc redderinall colors.

4.1.1. HCG 10

This group consists of two very luminous galaxies, a spiralandanielliptical (galaxies
a and b, respectively), and two fainter spirals. No difluse X-ray emission was found by the
PSPC,but the two bright galaxies were detected. When a model galaxy was subtracted
from & (NGC 529), a sharp-edged shell structure bec ame evident (Fig. 1a). This shell
completely surrounds the galaxy, butit is centered 8.5” (4 kpce) to thecast of the bright
core of the galaxy. The edges of the shell have anaverage surface brightness of 25.1V
magnitudes per square arcsecond. Kven more prominent than the shell, however, is the
bright column extending to the north of the galaxy core. Ithasan average surface brightness
of 24.3V magnitudes per square arcsccond and colors of I3-V'= ().18 andV --- = 1.50.
The extremely blue 8-V color points towards unusualactivity in this column, perhaps a
population of massive young stars. For galaxy b as a whole, ZWI finda -V color of ().97

andaV -1 color of 1.19, typical of anclliptical.

Galaxy b demonstrates a very complex structure in -V, and a simpler but still
unusnal structure in V-7 (Fig. 1b). While there is an overall gradient from blue on its

northeast side to red in the southwest in 12- V. there are also distinet lumps seen that
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arcatypical of elliptical galaxies. 11) v --1, thereddest plot appearsto Snow the center
of the galaxy plus the bright columnmentioned above, while the bluest slice shows a

structure south of the galaxy that has no clear counterpart in cither the 13- V. plots or the

model-subtracted image.

That the color gradient in galaxy 1) is aligned with the minor axis of the galaxy implies
that internal extinction is primarily responsible. Thisinterpretation would indicate that
the galaxy 1s disky, and the southwest side is nore distant than t he northeast side and
therefore is more reddened by internal dust absorption. However, the surface brightness
profile of this galaxy is consistent with a pure elliptical system plus a low-surface- brightness
shell (Hickson [1993] classified HCG10b as an51), whichmakes this “inclination effect”
argument diflicult to believe. Perhaps the shell itself is dusty and disklike and i]lc.lined in

this manner to produce the side-to-side gradient seen

The chaotic color pattern of galaxy b points towards star formation having occurred
relatively recently inthis galaxy, since some regions have colors consistent with anage of 1
to 2 Gyrs (B- v = 0510 0.7, V-1 0.7 to 0.9). Theveryred?s-V color Of thenucleus
couldbedue  to bright line emission in the V filter (e. g., [() HI]), another sign that this
galaxy hasbeen disturbed in the recent past. Emission-line photometry and spectrometry,
as well as far-infrared observall ng would help eXPlain the history and structure of thig

galaxy.

In addition to its unusual ©Pt ical properties, HCG10b is atypicalin its X-ray propertics:
it is over amagnitude underluminousin X-rays for its optical inagnitude if one compares
it to thie Bregman, Hogg, & Roberts (1992) Lx - Ly relation for elliptical galaxies (Pildis et
al. 199 5). The other galaxy in our HCG survey that is equally underluminous is galaxy a

in HCG 93, whose unusual color st ructure and shell system are discussed blow.




13

J.1.2. HCG 12

HC G 12 contains four S() galaxies andafaint spiral. I'he PSPC observati on of this
group revealed extended X-ray emission, but it could not be resolved into separate galaxy
and diffuse components due to the compactness of the group and the large point-spread
function of the PSPC. We subtracted models of galaxies aandd from our images of this
group and found very faint diffuse light surrounding the brightest galaxy (galaxy a) as
well assome structure in the subtracted galaxies (Fig. 2a). The structure in galaxy b is
consistent with a bright disk, while that seenina is morc unusual. The threefold symmetry
scen is consistent witha 11(J11-zero cocflicient for the cos(30) termin a Fourier expansion of
the variation from ellipti city. This non-zero coeflicient is a result of egg-shaped isophotes
near the center of this galaxy, which could indicate the presence of dust or an carlier merger
event (Peletier et al. 1990). The diffuse light to the cast of « has a surface brightness of 25.6
V magnitudes per square arcsccond, which is too faint to measure accurate colors. HKA

find 13- R colors of 1.71 and 1.76 for galaxics a and b, respectively  somewhatredfor S08.

The color maps (I1g. 2b) shiow a blue color gradient with increasing radiusin galaxy
a and, possibly, in b as well (there are too few pixels that make up the image of galaxy b
to determine this unambiguously). In addition, there is a weak cast-to-west blue gradient
superimposed 117011 the radial gradientingalaxya, aswellasa st rong south-to- north blue
gradient in galaxy b in V- I that is not scen in 13- 1. Both of t hese side-tjc)-side gradients
arc across theminor axis of the galaxies, lcading one to believe that they are ducto dust
absorption withinthe disks of these s0s. The abnormally red colors of the galaxics and tile
strong residual structures in galaxy a are additional indications of the presence of dust.
Infrared and neutral hydrogen observations of this group are needed in order to determine

whether this might be the case.
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4.1.3. HCG G2

The two bright galaxies in this quartet of elliptical and S() galaxics overlap significantly
(their centers are separated by only 297 (1 1 kpe) 011 the plane of the sky) while their
recessional velocities differ by 8007 kins?. This group is highly huninousin X-rays, with
emission extending up to 15 (0.36 Mpc) from the central galaxies. Despite these hints that
this is a likely site of intense galaxy-galaxy interact jons, our non-photometric image reveals
little optical evidence for any, even when models of the two bright galaxies are subtracted

from the image (Fig. 3).

Due to theoverlap of thebright galaxies, the constructionof model galaxies was
relatively difficult. In order to best model galaxy b, the fainter of t he two, we first made an
inmtial model subtraction of galaxy a, then modeled b using that subtracted image. Once the
modelof galaxy b was subtracted fromthe originalimage, we used that subtracted image
to model and subtract galaxy a. This sccond model of @ was only slightly different than the
first, implying that a single iteration was suflicient for this system. The model subtraction
reveals some diffusc light roughly symmetric about galaxy a, with some enhancement in
the directions of galaxies bandec. Galaxy b has a disky structure consistent with its
identificationas an SO. 11 1ere are 110 shells or tidal tails visibleinthisimage. Since the
image was taken under non-photometric conditions, we have no i formation on su rface
brightnesses or colors, however 1 TKA find an extremely red I3- I color of 2.00 for galaxy a
and a moderately red color of 8- B = 1.71 for galaxy hlgalayy chag g noripal so color:

B- R = 1.45.

Jo14. HOG 68




1)

This group is similar to HCG 62 in that it contains both diffuse X-ray emission and two
overlapping bright carfy-type galaxies. Itisless extreme than HO'G 62, however: galaxies
a and b are separated by 707 (16 kpce), it contains a bright spiral in additionto a quartet
of carly - type galaxies, and its X-ra yemissionis a factor of 3smallerin radius and over an

order of magnitude less luminous thanthat of HCG 622,

Subtraction of models of the two overlapping galaxies from a non-photometric image
of the group reveals some diffuse emission in the out skirts of those galaxies, butnotin
the group as a whole (Fig. 4). Galaxy a (thesouthiern galaxy) is an SO, which is apparent
from the model subtraction. Mendes de Oliveira & 1 ickson (1994) report that galaxy b
(thenorthern galaxy) is aneclliptical with astrong dust lane, which likely produced its
peculiar residuals (the dusty ellipt ical NGC 4278 has a similar residual structure in Forbes
& Thomson1992). The two galaxies have nearlyidentical colors: 13-V = 1.01 and 0.98 for

(1 and b, respectively (ZWL )y and - R =1.63 {for both (I 11{ A).

J.1.5. 1HCG 93

HCOG 93 consists of a bright elliptical, two bright spirals, and a faint SO. Ounly the
clliptical (galaxy @ NGCT550) was well- det(ct,d inour PSPC observation; no groupwide
X-ray emission was scen. Galaxy a, similarto galaxy b inHHC G 10, is both more than an
order of magnitude underluminous in X-rays for its optical magnitude according to the

Lx-Lprelation Of Bregman, Hogg, & R oberts (1992).

Iven belore a model galaxy was subtracted from the images of galaxy a, its shells
wore apparent;model subtraction made it easicr to trace some of the fecatures deep into the
galaxy (IFig.ha). The shells stirround nearly three-quarters of the gataxy, wit,) two spokes
extendi ng to the west and south west. The western spoke appears to extend to galaxy ¢

(NGC 7547), abarred spiral, The average surlacebrightness of the brightest shell is 26.7
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V magnitudes per square arcsecond. The spokes are brighter, with an average surface
brightness of 25.0 V magnitudes per square arcsecond. Overall, galaxy a has [0101’s of - V

= 1.08 and V- I = 1.28 (ZWL).

The B- v and V- 1 colormapsreveal acomplex structure quite atypical for an
clliptical galaxy (Fig. 5b), which is another similarity between this galaxy and galaxy b
of HCG 10. An overall blue gradient from east to west in 13-V is visible, but is less
prominent than two lumpy features: a northern blue arca which appears to be an extension
of the western shell spoke, and a southern red area. T'he southern red lump may contain
emission-line gas sinceit is also blucin V-1 ([0 1] could make this arca disproportionally
bright in the vV band). TheV-Imap also reveals a red area onthenortheast side of the
galaxy which is not scen in I3- V. The S-shaped red region in the core of galaxy « may be
ductoinfalling dust, similarto t hat seen in NGC 5123 (Centauvrus A). The dust, probably

stripped from the disk of galaxy ¢, might betoo thin to reveal its nature by absorption, but

still st rong enough to display reddening effects in the color maps.

The shell system appears to be the same color as the outer parts of galaxy ¢, which
implies that it, too, is composed of material stripped from that spiral galaxy rather than
the outer parts of galaxy a. Thisis similar to the shells seeninthe So galaxy NGC 474
(Schombert & Wallin 1987). The two spokes are bluer than the rest of the shells, perhaps
indicating that some star formation has occurred within them. Since the probable source of
the material to form the shells and spokes is a spiral galaxy, star formationindense areas
of the shell system would not be out of the question. Similar processes may be occurring in
the southern area which has colorsindicative of eiission-line gas (and thus star formation):
the southwestern spoke appears to connect to this aica inthe mmodel-subtracted image.

Fmission-line photometry would elucidate the processes happening here.




J.1.6. 1CG 9

This group has he highest X ray luo inosity (7 x 10% erg s n he 25 passband
PBE) of all the 1CGs (Ebeling, Voges, & Bohringer 1994). 1CG 94 is also known to have
a common cnvelope of light surrounding the two brightest ellipticals in the group (Hickson

993)  As expected, our deep imaging confirms that this group of seven galaxies (two
extremely Tuminous ellipticals plus four S0 galaxies and one spiral) has very striking diffuse
light (I'ig. 6a). ligh resolution X-ray imaging with the ROSAT 1 1 demonstrates that
the hot (K1' 2 3.7 keV intragrouj gas traces the same potential as e diffuse optical light

(Pildis 995

Not only does HCG 94 contain the brightest difluse Jight scen in our sample, but it
is the only diffuse ight that appears to be bound to the group as a whole rather than to
the brightest group member. The light is centered southeast of galaxies a and b, while
the other ive galaxies i he group extend to the northeast. The diffuse light is brightest

along a curving line extending south through galaxy « and wrapping around galaxy b from

northeast to southwest. This arca has an average surface brightness of 22.6 V magnitudc
per square arcsecond, while the emission sou heast of bis 22.9 V magn tudes per square
arcsecond. North of galaxy « is fainter light, with a surface brightness of 23.6 V magnitudes

per square arcsecond. According to KA, galaxics @ and b have B— R colors of 1.67 and

1.63, respectively.

The color struc ure of the diffuse light is relatively simple and casy to understand
(Fig. 61). The outer edges, particularly towards the south, are the bluest i both B-V
and V- R, and e light gets progressively redder with decreasing distance to the nucle

of galaxics a and b. 'T'he blue outer edges of the envelope may have originated as stripped

material from disk galaxics since they mateh the disk colors of galaxy ¢ (the spiral in the

upper-left-hand corner of the image). The colors of the central envelope of the diffuse light
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are similar to those found in ellipti cals, implying that the st ars ity the group potential are an
old populat ion, perhaps from a tidally disrupted carly-type galaxy. As discussed in Pildis
(1995), the similarity inshape between this diffuse light, and the group X-ray emission leads

onc to believe that the group potential evolves on a timescale of greaterthan ~ 1 09 years.

410 1HCG 97

HCG 97 contains two cllipticals, two spirals, and a faint S(). It has strikingly clongated
X-ray contours extending from northwest to southcast, which is roughly the same direction
along which the five c ornponent galaxies are scattered. One might expeet, then, that this
group would have substantial optical evidence of galaxy-galaxy interaction, but theimages
with a model of the brightest elliptical (galaxy « 10 5357) subtracted show no shells, tails,
diffusc light, or other signs of interaction (Fig. 7a). I'he slight oversubtraction seen along
theminor axis of galaxya indicates that theisophotes of this galaxy (classified as an I35
by 1 Tickson [1 993]) grow morcelongatedat large radii. When the surface brightness profile
of @ is examined more closcly, it is seen to flatten relative toa'rl/"pmﬁlc at radii greater
than1« (7 kpe),implying that a more precise classification of this galaxy maybe as a
transitional 15/S0type like NGC 4914 (see Sandage & Betke 1994). Previous studies found

t hat HCG Y7ahas colors of 13-V =0.94(ZWL)and B— 17 = 1.76 (1 1KA).

The colormaps (Iig. 7b) also support the picture of littlerecent galaxy-galaxy
interactioninthis group. All of the carly-type galaxies (galaxicsaand d, pluse, the small
S() at thetopof the image) are red inthe center and bluer at the edgesinboth B-V and
V- It.Galaxy ¢, partially visible at the bottom of the image, is anSaand has no clear
color gradient. In addition toits radial color gradient, the outer envelope of galaxy a has
an (ii st- to-west 1)111¢ gra(li(‘,ntinl)otll cotor's. Thisgradient is along the gataxy’s minor axis,

which imphes that it is due to XUinction within this 15/S0. 1t is interesting to note that the
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west edge of galaxy amatchesthecolors of theouter disk of galaxy d. Thissuggeststhat
(11( *1 *¢ hasbeena weakexchangeof stellar’ materialfromgalaxy d toa, whichcould explain
why the outer stellar population ingalaxy @ is bluer than what one would normally expect

inancarly-type galaxy.

4.1.8. NGC 2300 group

This sinall group of three galaxies was claimed to have an extensive X-ray halo and
small baryon fraction by Mulchaey et al. (199 3). Reanalysis o f their PSPC observation
(PB E) found a smaller radius for the X-ray emission and a larger baryon fraction. Even
though this group is not particularly compact, the bright spiral (NGC 2276) inthe group
has a “bowshock” morphology which indicates that galaxy-galaxy interactions may be

importantin this group.

Forbes & Thomson (1992) showed that the bright clliptical galaxy NG 2300 has
both shells and an extension to the northeast, although it was known carlier that it has
some isophotal peculiarities (Nicto & Bender 1989). Subtraction of a model from o ur
non-photometricimage of NG ¢ 2300 reveals roughly the same structures found by Torbes
& Thonyyon (1992), but the correspondence is not react due to diflerences between their
modeling proceQyreg and ours (Fig. 8). The northeast extension and westernshellare visible
in our image, but the most prominent feat ure is a verythick slicll-like structure entirely
surrounding the galaxy. This ring is brightest to the cast and northwest, and appears
to have small condensations inside these bright areas. Unfortunately, since thisimage is
non-photometric we cannot quantify the properties of the ring or aliy other structures. IFor

the galaxy as a whole, the RC3 gives a color of B—V == 1.01 (de Vaucouleurs et al. 1991).

The subtraction of NGO 2300 did not reveal any diffuse optical emission in the small

group formed by it, NG € 2276, and 1C 455.
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4.2. General Discussion

The most surprising result of this deep imaging project is the lack of a correlation
between the presence of diffuse X-ray emissionin a group and the presence of diffuse optical
featuresinthe group or its component galaxies. Although the HCG with the highest X-ray
luminosity (HCG 94) is the one group in our sample to have prominent diffuse light tracing
the group potential, the group with the next highest X-ray lumimosity (1HCG 62) hasonly a
small amount of diffuse opticallight, mainly confined to the envelope of the brightest group
galaxy. Theotherthree groups inour sample with diffuse X-ray emission have faint diffuse
optical emission plus peculiaritics inthe two bright) overlapping galaxies (HCG 68), have no
signs of any disturbance inour optical images (HC G 97), or containa single shell galaxy

(NG C 2300, inthe NGC 2300 group).

Similar to the pioneering study of Rose (1979), we find very little evidence for diffuse
optical light in the potential of the groups,againwiththe glaring exceptionof HCG 94,
Our photometricimages are sensitive to surface brightnesses as low as 27.5 V magnitudes
per square arcsccond, even before subtracting the bright earl y-type galaxies. The extended
emi ssion that we do find is associa ted with those brig ht gala xies, rather than the group as

a whole.

There does secemtobe a correlation between X- ray and optical propertics when
galaxics, rather than entire groups, are examined. The two galaxics noted in PBE as having
very low X-ray luminosities for their high optical luminosities (HCG 10b and HCG 93a)
arc the onlytwo galaxies in our sample with bright shell systemns plus very lumpy color
structures. A 11 three of these properties point towards these galaxies having undergone
recentmergers orinteractions (or both). Fabbiano & Schweitzer (11 995)have also found that
two cllipticals with optical fine structure intheir sample are X- ray faint. The correlation

is not. Perf(et, since NGC 23007 has a shell system and a normal X-ray luminosity (wc have
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10 ("0101 information for this galaxy).However, NGC 2300 differs from the other two shell
galaxies in that it is less optically luminous (HCG 10b and 93a have absolute magnitudes o f
Mp:-22.2 and-22.4, respectively, while NGC 2300 has Mp= =21 .3),itsshell system is much
less well-defined, and it is not amember of an HCG. All of these factors imply that NGC

2300 may have a quite different interaction history than HC G 10b and 93a.

Since this analysis has concentrated onelliptic alsand SOS, we nave not shownthe many
spiral galaxics inthese groups with tidally disrupted armsandother signs of interaction
that are scenbothinour images and those of lickson (1 993). A thorough discussion of the

morphology of many HCG galaxies canbe foundin Mendes de Oliveira & Hickson (1994).

Elliptical galaxies inthe ficld are found to have blue color gr adients with imcreasing
radius, mainly ducto metallicity gradients (Franx, Hlingworth, & lleckman 1989, Peleticr
et al. 1 990). Thistype of gradient is secenin HOG 91eand b, However, wenote that)
most ellipticals in this sample have a complicated color patterns atypical of ellipticals
in the field (Schombert et al. 1 993). This color st ructure may be the result of recent
interactions where gas and dust-rich material fromncarby spiralsfalls into the cores of
the more massive ©lipticals. This is particularly salient inunderstanding HCG 93a, which
apparently containsa weak dust lancin its core. Nonc of the early-ty~w galaxies inthe
sample are similar ©w the sample of blue early-ty])c galaxies found by Zepf, Whitmore, &
Levison (1991) in11CGs, which were not only extremely blue for their luminosities, but also

contained red radial gradients instead o f the more comnmon blue gradients.

5. Implications

The lack of any correlation hetween the presence of opticalsigns of galaxy-galaxy
interact jon and the presence of a hot intragroup medium makes a straight forward

explanation of the interaction history of HC (s diffienlt. With the notable exception of
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HCG 94, which is extremein bothits optical and X-ray properties, tidal features and shells
appear with equal frequency in X-ray bright and X-1 ay - dim groups.]'he only optical
property that predicts the presence of X-ray cmission appears to bea low spiral fraction
(I'beling, Voges, & Bohringer 1994; PBE), but since very few HCQ ellipticals are merger
remnants (Zepf, Whitmore, & Levison 19915 Fasano & Bettoni 1 994), the X-ray brightness

of elliptical-rich groups is not due to increcased merger activity.

Most theories of compact group formation and history arc constructed to explain their
apparcnt stability and, thus, their frequency in the current epoch. However, these theories
can also be applied to the apparent decoupling of their optical and X-ray properties. For
example, Diaferio, Geller, & Ramella (1 994) suggest that compact groups continually
form as subunits of richlooser groupings. This could explain why groups without any
detectable diffuse X-ray emission contain galaxies that appear to be survivors of significant
interactions: those galaxies could have undergone interactions before being pulled into
a recent ly formed compact group. 1f the group is recent enough, then not enough gas
would have fallen into the group potential and been hieated to ~ 1 07'< for thegroup to be
detected by current X-ray telescopes. However, this scenario does not explain the opposite

phenomenon of anX-ray - bright group with few signs of disruption of the galaxices.

Hernquist, Katz, & Weinberg (1995) propose that some HCGs may not be
gravitationally bound, but simply filaments of galaxics seen end-on. Most of the galaxies
insucha “group” would bephysically distant {from oncanother, but Hernquist et al. find
that their sim ulated “groups” often contain a singleinteracting pair of galaxies. They
comment that perhaps spiral-rich 11CGs are this sort of false group, but elliptical-ricl)
ones are truly gravitationally bound. This scenario would explain why spiral-rich groups
often contain galaxies with optical tidal features yet are not X-ray bright. In their

scheme, X-ray luminous groups with no optical signs of galaxy interactionare also not
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gravitationally bound, but end-on filaments that contain shock-heated primordial gas (Katz,
Hernquist, & Weinberg 1 992). This might be a plausible explanation for a group such as
HCG 97 (where the extended X-ray  emission would actually be emission along a filament
seen nearly end-on), but the gas- rich group HCG 62 is likely too X-ray- luminousto be
explained in such a fashion. Well-rwsolvd and accurate measurements of the metallicity of
the hot gas in compact groups would be a good test of the hypothesis of shock-heated gas

infilaments producing the X-ray luminosity of groups.

The answer to why optical features (besides the spiral fraction) do not predict X-ray
luminosity may liec with the larger enviromnent of a compactgroup. Palumbo et al. (1995)
scarched for neighbors of 911CG s within a radius of 1 .04 Mpc and found that 18% (16
groups) have concentrations of galaxies within0.5h7" Mpc of the group centers. These
“dense environment” groups include all of the groups in our sample with diffuse X-ray
emission except for 11( °G 94. Of the groups that lack detectable diffuse X-ray emission,none
arc in a dense environments. If this environment criterion is joined with a requirement that
the spiral fraction of a group be under 50% (overall, 40% of HCG s meet this requirement
[Hickson, Kindl, & Huchra J988]), six of the remaining nine groups have been detected with
cither the ROSAT All-Sky Survey (RASS Ebeling, Voges, & Bohringer 1994) or deep
1’S1’(! observations. The three remaining groups have not haddecp X-ray observations
performed. of the other 82 groups, only HOG 94has a clear detection of diffuse X-ray
emission, while three others have been detected by the RASS and two have unresolved

PSP C detections (only one of which was seeninthe 1{ ASS).

Clearly, a dense environment scems to be as good of a predictor of detectable group
X-ray gas as a low spiral fraction. As might beexpected,the larger environment is not a
good predictor of the presence of optically dist urbed galaxies, since interactions with nearby

galaxies or a denseintragroup medium are required to alter the shape or stellar population
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of a galaxy. Theimplication is that X-ray luminosityis an indicator of large-scale features
(~ 500 kpc)butoptical tidal features are anindicator of small-scale (<20 kpc)interactions
only. Deep X-ray observa tions of the three “denseenvironment” , elliptical-rich 11 Gs(HCG
60, 65,and86) would test this hypothesis, as would more X-ray observations of all types of

compact groups.

This material is based upon work supportedunder a National Science Foundation
Graduate Fellowship and NASA grants NAGW-2135 and NAGH-1955. This rescarch has
IIs.dc use of the NASA/IPAC Ixtragalactic Database (NED) which is operated by the Jet
Propulsion Laboratory, l(/fall,ofcl15@1111(1(‘,1‘ contract with the National Aeronautics and Space

Adininistration.
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Fig. 1.. Galaxy b in HCG 10. The images are 4.3' > 5.6" (0.12 x 0.16 Mpc); north is up
and cast is to the left. (a) I-band model-subtracted image. Note the ofl-center shell and the
bright column to the north. (b) B—V and V- I color maps. The gray boxes mark where

stars, background galaxies, and flattening errors have been masked out.

Fig. 2.- HCG 12, The images are 4.1 x 4.4 (0.35x0.38 Mpc); north is up and cast is
to the left). Galaxy a is the bright galaxy neaithe center of the image, galaxy b is directly
north of a, galaxies cand d are slightly tothe cast of aandb,and galaxy ¢ is 1o the west
of a. (a) R-bandimage with galaxies a andbsubtracted. (b) B-V andV- R color maps.

See captionto Fig. 1b.

I"ig. 3. V-band image of HCG 62 with galaxics ¢ and bsubtracted. Theimage is 4.77 X
4.7 (0. 1 1x 0.11Mpc);north is up and cast is to the left. Galaxy a is an S0 to the immediate

northwest 01 the bright elliptical galaxy @, and galaxy ¢ is cast of galaxicsaandb.

IYig. 4. Modecl-subtracted V-hand image of galaxies vandb of HCG68. The image is 4.1
x 4.1° (().058 x 0.068 Mpc); north is up and east is to the left. Galaxy a is south of galaxy

b. Flattening errors in this non-photometric image are clearly visible.

Fig. 5. HCG 93, galaxics @ and ¢ (only partially shown). Theiumagesare 6.3 x 6.4’ (0.18
x 0.19 Mpc);nort b is up and cast is to theleft. (a) 1-band image with a model of galaxy
a subt racted. Note the two spokes in the shell system, oncof whichpoints west towards
galaxy ¢, a barred spiral. (b)B-V and V-1 color maps. Sce captiontolig. 1'b. Note that

the spokes are blue in both colors, but that the contrast is strongerin B-V°
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Fig. 6. HCG 94. The nnages are 3.9 X 4.4° (0.28 x 0.32 Mpc); north is up and cast is
to the left. Galaxy a is at the center of the image, galaxy b is southwest of a,and the five
other galaxies inthe group (four of which appear in this image) extend to the northcast of
a. (a) R-bandimage with galaxies « and b subtracted. This g roup contains the brightest
diffuse light, and the only diffuse light that appears separat e fromtheindividual galaxies.
(by B--V and V- R color maps. Sce caption to Fig. 1b. The difluse light has 110 strong

color gradients.

Ig. 7. HCG 97. The images are 5.0° x 4.7° {0.19 x 0.18 Mpc); north is up and cast is to
the left. The brightest galaxy is a; the galaxies to its immediate southwest andnorthwest
arc d and ¢, respectively. Galaxy ¢ is al the bottom of the image. (a) R-band image with
galaxy a subtracted. No diffuse light is visible. (b) B - v and V- It color maps. See caption

to Iig. 1b. The outer envelopes of galaxies a and d PP ear {o have color gradients.

Fig. 8. V-band galaxy-subtracted image of NG € 2300. Theimage is 5.7° X 4.5" (0.069 x
().()55 Mpc);north is up andcast 15 to the left Flattening errors due to cirrusy conditions

during imaging arc clearly visible.
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Table 1. Properties of obscrved groups

Group Distance (Mpe)  Navcordon I
HCG 2 0.0144 86.3 3 1.00
HCG 4 0.0230 168 3 0.33
HCG 10 0.0161 96.5 4 0.75
HOG 12 0.0)'1s5 291 5 0.25
HCG 62 0,0137 82.1 4 0.00
HOG 68 0.0080 48.0 5 0.20
HCG 79 0.0145 86.9 4 0.25
HCG 92 0.0215 129 4 0.75
HOG 93 0.0168 101 4 0.50
HCG 94 0.0417 250 7 0.14
HCG 97 0.0218 13] H 0.40
N2300 group 0.0070 42.0 3 0.33

Note. Column 2 is the median redshift of cach group and column 4 is the number

of galaxicsincach group with accordant) redshifts. Both are from either Hickson (1993) or

Mulchacy et al. (1993). Column b is the spiral fraction as determined in Pildis et a1, (1995).




Table ‘2
Dates Filters
14- 5 Sept. 199:3 3.v,1
12-14Apr. 1994 Vb
3(1 Aug. - 15ept. 991 BV, R

2T'he CCDs are deseribed in the text.

bPhis run was non-photometric.
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Observing runs

ceoe

Lora 2 x 2
Tektromx

"ektromx

Grou s observed

HCG 2, 0, 93
HCG 62, (M, 79; N2300
HCG 4, 12,92,94,97
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Table 3.

Profiles of modelled bright galaxics

Galaxy Name Mgy log 7, Je Comments
HCG 0b NGC 529 I -22.2 0.85 sharp-edged shell
HCG 2a e S0 -22.5 1.06 2 .2
HCG 120 S0 -2..0 0.81 2.0 irregular profile
HCG 62a NGC 4761 153 -2 .2 1.03 ce. B
HCG 620 NGC 4759 S0 -20.8 0.2) s B
HCOG 68a NGC 5353 S0 -2 .6 0.4] cee :

HCG 68b NGC 5354 K2 2.2 co b

CG 93a NGC 7550 K -22.4 1.00 21.8 extensive shell system

CG Ya NGC 7H7813 1] -23.1 0.91 21.2 diffuse group light

G 91h NGC 7578A 143 -22.5 0.89 21.7 diffuse group light

CG 97a 1CH3hT 195¢ -2.4 0.92 22.0
NGC 2300 o 153 -2 .3 0.49 ceeo @ e

Note. Column 3 is cach galaxy’s Tubble type and column 4 is its absolute blue

magnitude as determined from the group distance (Table ) and its apparent blue magnitude

in 1 ickson (1993) or Mulchacy et a

and column 6 is its effective surface brightness in V magnitudes aresec™ .

993), column 5 is the log of its effective radius in kpe,

1

“I'he non-photometric data do not have measured surface brightnesses.

P (G 68b has a strong dust lane that made fitting an /1 Jaw difficult.

“Qee ext for Hossible reclassification.
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Table 4. 1itting parameters for modelled bright galaxies

Galaxy T fit I it ¢ fit 01t
HCG 106 6.47 21.1 0.17 60°
HCG 12a 8.91 20.6 0.35 113°
HCG 120 9.80 224 0.36 38°
HCGG62a 3.6s SR 0.14 169°
HCG 620 2.77 o 2 0.29 83°
HCOG 68a 4.61 R 0.56 H2°
1207 (: 68b ().83" R 0.18 2°
HCG 93a 17.6 23.() 0.11 68°
HCG 9Y1a (i.33 20.5 0.19 2°
HCG 940 4.32 20.6 0.05 109°
HCG Y7a 0.88 210 0.24 63°
NG (2300 4.04 o8 0.18 167°

Notc. Colummn 2 is the fitting radius in kpe, columm3 is the surface brightnessin vV

2 that rac jius

magnitudes arcsec » and columns 4 and 5 are the ellipt city and p ositi oy

angle of the fitted ellipse at that radius.
*T'he non-photometric data do not have measured surface briphtnesses.

PIICG 68b has a SUTONE dust lane that Makes fitting cllipses to it difficult.




